Purpose: Macular telangiectasia Type 2 is a bilateral, progressive, potentially blinding retinal disease characterized by both vascular and neurodegenerative signs. Both the area of the break in the ellipsoid zone seen in "en face" optical coherence tomographic (OCT) images and microperimetric focal retinal sensitivity loss have been proposed as potential measures of progression in macular telangiectasia. The authors aimed to assess the characteristics and interrelationship of these structural and functional disease markers from the data collected in a phase one clinical trial of ciliary neurotrophic factor in macular telangiectasia.
M acular telangiectasia (MacTel) Type 2 is a bilateral, slowly progressive, potentially blinding retinal disease in the juxtafoveal region of unknown cause. 1 Its clinical phenotype is characterized by both vascular and neurodegenerative changes. Although many therapies have been tested in MacTel, none have been shown to be effective to date. 1, 2 One characteristic neurodegenerative sign apparent in optical coherence tomographic (OCT) images is a disruption (or "break") in the line attributed to the junctions between photoreceptor inner and outer segments, junction line; more recently, this signal was attributed to the inner segment ellipsoids, "ellipsoid zone" (EZ). This sign was found to be associated with a loss of retinal sensitivity. [3] [4] [5] [6] [7] [8] [9] Both EZ break area and focal retinal sensitivity loss, as reflected by mesopic microperimetry, have been proposed as potential outcome measures in MacTel. In our previous studies, we analyzed OCT volume scans acquired using Topcon 3D OCT-1000 devices and retinal sensitivity measurements using Nidek MP1 microperimeters. 3, 4 The axial and lateral resolutions of the Topcon 3D OCT-1000 are limited, and only a single raster scan pattern of 128 B-scans in an area of 20°· 20°is available. The Nidek MP1 has a limited dynamic range (20 dB) and uses flash photography for acquiring a reference color fundus image. Misalignments between test data and reference image are not infrequent. The CenterVue MAIA microperimeter has a wider dynamic range (32 dB) and uses an infrared scanning laser ophthalmoscope for capturing the reference fundus image. In our previous studies, retinal sensitivity changes were assessed by calculating aggregate sensitivity loss. 3, 4 These calculations are relatively labor intensive and require an accurate alignment of OCT "en face" and microperimetric data.
In the current analyses, our aim was to investigate further the characteristics and interrelationship of these structural and functional disease markers both by calculating aggregate loss as described previously and by a new, simple, and fast assessment method, from data collected using Carl Zeiss Meditec HD-OCT 4000 or Heidelberg Spectralis OCT devices and CenterVue MAIA microperimeters in a phase one clinical trial of ciliary neurotrophic factor in MacTel. 10 
Participants and Methods

Study Design
Data used in these analyses were collected in an open-label, nonrandomized phase one clinical trial conducted at two centers: the Retina Associates of Cleveland, Inc and the Jules Stein Eye Institute, University of California Los Angeles. One eye of each patient (the more severely affected eye) received an encapsulated cell implant delivering ciliary neurotrophic factor to the retina. 10 The study was registered with ClinicalTrials.gov (NCT01327911) and was conducted according to the guidelines of the Declaration of Helsinki. The protocol was approved by respective institutional review boards; each participant provided signed informed consent. A Data and Safety Monitoring Committee was established to monitor participant safety. The study parameters and main findings have been published previously. 10 
Study Participants
Participants aged $21 years with a diagnosis of bilateral MacTel, no previous history of intraocular surgery, best-corrected visual acuity of $20/50, and the presence of a break in the EZ layer on OCT in at least 1 eye were eligible for the study.
Imaging
Optical coherence tomography scans were acquired at the Jules Stein Eye Institute, University of California, Los Angeles using Heidelberg Spectralis OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) and at Cleveland using Cirrus HD-OCT 4000 (Carl Zeiss Meditec, Inc, Dublin, CA) devices. On the Spectralis, volume scans 15°· 10°in size were recorded, with 30-mm B-scan intervals (97 B-scans/volume). On the Cirrus, a standard 512 · 128 cube scan covering a retinal area 20°· 20°in size was acquired. Orthogonal topographic (en face) maps of the EZ were generated as described earlier. 3, 4 Psychophysical Testing Fundus-correlated automated mesopic microperimetry was performed after pupil dilation with 1.0% tropicamide and 2.5% phenylephrine hydrochloride and 5 minutes of dark adaptation, on MAIA perimeters (CenterVue S.p.A., Padova, Italy), using a white Goldmann size III stimulus in a test grid adapted to the needs of this study ( Figure 1 ). This grid has a progressive spacing of test points. Close to the foveal center (but excluding the immediate center where the fixation target may interfere with the test stimuli), the spacing is 1°between test points. The test point spacing increases to 2°toward the periphery-as a compromise solution aiming to maximize the test area covered while minimizing the test duration. Results were reported in decibels (dB).
Image and Psychophysical Data Analysis
Optical coherence tomography volume scans from both machines were imported into a dedicated 3D image analysis software (Visage Imaging Amira version 5.3; FEI Visualization Sciences Group, Hillsboro, OR), and segmentation of the EZ layer was performed manually, as described earlier. 11 Briefly, a slab from the midline of the EZ, one pixel in thickness was selected, orthogonal topographic maps (en face images) of this slab was created in Amira and exported into Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, CA). Ellipsoid zone break boundary delineation and area measurements were performed in Adobe Photoshop. Lesion delineation was performed through an initial thresholding followed by a manual correction of lesion edges as necessary, based on a close inspection of corresponding OCT volume data in B-scans and reconstituted scans perpendicular to B-scans (along the y axis), in FEI Amira. Optical coherence tomography volume data were used in their original form with no enhancements or normalization of individual B-scans with lower signal-to-noise ratio; instead information from these was evaluated in conjunction with information from adjacent higher quality B-scans. Because technical factors (including directionality of the incident light) may affect the intensity of the signal, an attenuated but discernible EZ signal was interpreted in this context as still present; an EZ break was defined as an area where the EZ stratification was no longer discernible.
En face spectral domain OCT images and retinal sensitivity data were superimposed over infrared images of the fundus and adjusted to attain exact correspondence based mainly on vascular landmarks. Aggregate sensitivity loss was calculated as described earlier, 3 briefly: the mean of retinal sensitivity values within the grid at test points outside the area of the EZ break was calculated and considered the background sensitivity. Aggregate loss was defined as the sum of deviations from the background sensitivity of values measured at test points within the area of the EZ break. The repeatability of the method has been assessed previously. 3 We also analyzed the correlation of the break area size with the number of test points below threshold values chosen arbitrarily, as presented in Table 1 .
Misalignment of the test grid relative to the background image was assessed at one location, each in four quadrants centered on the fovea, based on vascular landmarks, considering the baseline data the reference. For each characteristic, one measurement was performed.
Statistical Methods
Spearman's rank correlation coefficient was calculated to assess dependence between EZ break size and function loss. A P-value of ,0.05 was accepted as statistically significant. All analyses were performed using commercially available statistical software (MedCalc for Windows, version 12.5; MedCalc Software Ltd, Ostend, Belgium).
Results
Fourteen eyes of seven participants (age range 48-67 years) were examined at baseline and at four subsequent annual follow-up visits (a total of 70 observations, i.e., eyes · visits). At baseline, mean ± SD age was 55.4 ± 6.7 years (range 48-67 years), 2 were men, 5 women, 5 were whites, 1 Asian, and 1 identified as "other race"; mean ± SD best-corrected visual acuity was 76.9 ± 9.4 letters (range 59-89 letters). Fixation stability at baseline, expressed as the mean base contour ellipse area (BCEA), 12 One participant missed their 48-month visit, for one participant, the MAIA test was not performed in the right eye at the 48-month visit; in these cases, the data point from the visit preceding the missed visit was used instead (36 and 42 months, respectively). An EZ break was apparent in 12 eyes at baseline and in all eyes at 48 months. One MAIA test report demonstrated diffusely low sensitivity values all over the grid, which was not seen in either the preceding or the subsequent MAIA test of the same eye; this was considered attributable to causes other than MacTel and not included in the analysis. Thus, the total number of observations analyzed was 65.
Thresholding was performed using all MAIA data accepted as correct. In five eyes of three participants, the EZ break was present, but consistently too small to be detected by functional testing. Aggregate loss calculation requires an overlap of break area and at least one MAIA test point. In some cases, the EZ break was so small that it was located entirely within the space between MAIA test points. In cases where aggregate loss was not possible to calculate, we performed a simple surrogate analysis instead, calculating the grid mean and the difference between this mean and the lowest test point value within the grid. In observations with no EZ break, this "range" was on average 5.5 dB. In eyes with a present but too small EZ break-after elimination of outliers-it was 6.0 dB. These values are close to the point-wise repeatability of the method reported in adults (5.7 dB). 14 Outliers included two individual test points directly over large blood vessels and two further test points near the disk margin with no visible retinal lesion but zero sensitivity data measured at one and normal sensitivity data at all other preceding and following visits.
The correlation of the break area size with the number of test points below threshold values chosen arbitrarily is presented in Table 1 . The correlation was best for points with greater than 16 dB loss with R 2 greater than 0.80.
Overall, the break area size showed a good correlation also with aggregate sensitivity loss (r = 0.834, P , 0.0001, 95% confidence interval 0.716-0.906, n = 45). This correlation was stronger if the obvious misalignments of the MAIA grid were corrected (Spearman's r = 0.860, P , 0.0001, 95% confidence interval 0.758-0.921, n = 45).
Misalignment of the test grid relative to baseline was .0.42°(the retinal image size of a Goldmann III stimulus) in at least 1 quadrant and along at least 1 axis (x/y) in a total of 13/48 visits of 7/14 eyes. The misalignment maximum was 2.1°, the median 0.07°, and the mode 0.03°. In both eyes of one participant, this was clearly due to a misplacement of the full test grid; in other cases, it was due to the inconsistent geometry of the SLO reference image. The follow-up function was used in all tests reported.
Discussion
Overall, we found an excellent correlation between EZ break area size and retinal function loss in MacTel, confirming the conclusion from a previous study. 3, 4 Manual correction of obvious misalignments of the MAIA test grid relative to the reference fundus image improved the correlation only moderately. Considering the labor intensity and the potential introduction of grader bias, this is not ideal for calculating aggregate loss. However, follow-up of individual test points can be considered valid only where it is confirmed that the specific test points were aligned with identical retinal locations at all visits over time. In case of geometric aberrations of the reference fundus image at follow-up visits, the manufacturer recommends the use of the fundus image acquired at baseline for reference (personal communication).
There was also a good correlation between the EZ break area and the size of the scotoma as reflected by the number of test points with specific lower sensitivity values, even when the topographic distribution of values was ignored (peak at ,20 dB, Figure 2 ). This is S30 attributable to the rather unique characteristics of the disease, in that the retinal sensitivity loss is highly localized and profound, limited to the area of outer retinal atrophy. Simple thresholding offers a quick alternative to calculating aggregate sensitivity loss, with mostly preserved specificity. It may also eliminate errors emanating from distortions or misalignment of the reference fundus image relative to the test grid data. One limitation of the method is that progression in retinal sensitivity is only detected in full increments of the threshold value. The threshold value should thus be selected in view of this as well as the repeatability of mesopic microperimetry 14, 15 and the level of correlation between structural and functional measures (as reported in Table 1 ). Sixteen decibels seem a reasonable compromise.
In our sample, OCT mapping of the EZ appears to demonstrate structural change even before mesopic microperimetry can detect a focal loss of retinal sensitivity typical of MacTel. This is partly due to the inherent limitation of the microperimetry technique used (mesopic range, stimulus size) as well as the limitations of the specific test grid. A denser grid would improve the detection of smaller lesions; however, the potential increase in the number of test points is limited by the increase in overall test duration and ultimately patient fatigue.
In future therapeutic studies, if mesopic function is to be used as a measure of progression as described in our study, cases with early disease and small defects in the outer retina might be excluded. No such limitation exists if OCT were used to determine outcome. Although future psychophysical testing methods may provide improved sensitivity, it is evident from our data that OCT measurement of structural change gives an accurate assessment of visual loss as shown in two studies, and is currently more sensitive in measurement of defects in early cases, which appears ideal for assessment of benefit in therapeutic trials.
Key words: retina, degeneration, telangiectasia, MacTel, imaging, Müller cells, OCT, microperimetry. Fig. 2 . Correlation of the number of subthreshold test points with ellipsoid zone break area. Correlation of the number of test points (y axis) with values below the selected threshold (in this graph, 20 dB) with ellipsoid zone (inner/outer segment) break area size (x-axis). For easier reference, area sizes are presented here in approximate square millimeter rather than pixels. It needs to be noted, however, that because the refractive properties of the eyes tested were not recorded, metric conversions from measured pixels values are subject to variability in axial length and refractive power of the respective eye.
